Objective-The hypothesis that hypertension induces a hypercoagulable state arises from the complications associated with hypertension: stroke and myocardial infarction. Here, we determine whether hypertension causes changes in the thrombin-generating capacity of the vascular wall. Approach and Results-We used spontaneously hypertensive rats (SHR) compared with Wistar rats. The addition of thoracic aortic rings of SHR to a Wistar or SHR plasma pool resulted in a greater increase in thrombin generation compared with equivalent rings from Wistar. This increase occurred in 12-but not 5-week-old rats and was prevented by an angiotensin II-converting enzyme inhibitor, indicating that established hypertension is required to induce increased thrombin generation within the vessel wall. Whereas no difference was observed for endothelial cells, thrombin formation was higher on aortic smooth muscle cells (SMCs) from SHR than on those from Wistar. Exposure of negatively charged phospholipids was higher on SHR than on Wistar rings, as well as on cultured SMCs. Tissue factor activity was higher in SHR SMCs. Twelve-week-old SHR exhibited accelerated FeCl 3 -induced thrombus formation in carotid arteries, and the resulting occlusive thrombi were disaggregated by blockade of glycoprotein Ibα-von Willebrand factor interactions. SHR SMCs were more sensitive to thrombin-induced proliferation than Wistar SMCs. This effect was totally abolished by a protease-activated receptor 1 inhibitor. Conclusions-The prothrombotic phenotype of the SHR vessel wall was due to the ability of SMCs to support greater thrombin generation and resulted in accelerated occlusive thrombus formation after arterial injury, which was sensitive to glycoprotein Ibα-von Willebrand factor inhibitors. 
T he vascular wall is one of the elements that determines the thrombotic response. 1 Prior studies have shed light on the ability of vascular wall cells to support tissue factor (TF)-induced thrombin generation. [2] [3] [4] We have recently demonstrated an increase in tissue factor pathway inhibitor (TFPI) and its secretion by cultured vascular smooth muscle cells (SMCs) in response to cyclic stress. 5 It can be surmised that TFPI increases as vascular wall function deteriorates to compensate for a putative increase in its procoagulant potency.
It is still unclear whether hypertension causes a prothrombotic state in blood and within the vessel wall, although compelling clinical and experimental evidence points toward an impairment of the hemostatic balance in blood brought about by changes in individual coagulation factors in the presence of elevated blood pressure. In support of a hypercoagulable state, a few clinical studies have reported higher plasma levels of clotting factor VII, fibrinogen, and fibrin d-dimers in hypertensive patients than in normotensive subjects. [6] [7] [8] In spontaneously hypertensive rats (SHR), in deoxycorticosterone acetate-induced hypertensive rats, and in endothelial dysfunction-induced experimental hypertension, a hypercoagulable state was demonstrated by elevated levels of thrombin-antithrombin complexes, as well as d-dimers, and supported by an increase in TF 9 and a decrease in thrombomodulin. 10 In experimental models of hypertension, the direct contribution of vascular cells to thrombin generation is not well documented. Early works focused primarily on the increased vascular expression of TF and antifibrinolytic molecules.
One concern is that the function of the complex thrombin generation process is difficult to assess from estimates of its separate contributing elements. It would be preferable to estimate the overall activity of the hemostatic and thrombotic system and its relation with vascular function. This can be attempted by using a global in vitro test, such as the calibrated automated thrombogram, designed to explore the thrombin generation process under conditions as close as possible to those in vivo. This test has been shown to indicate a thrombotic tendency in several clinical settings, [11] [12] [13] [14] which seems to be an independent predictor of acute ischemic stroke. 15 The present study tests, in SHR, the hypothesis that changes in coagulation proteins and membrane phospholipid organization cause an increased thrombin-generating capacity within the vascular wall because SMC phenotypic modulation is a hallmark of hypertension.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Hypertension-Associated Changes in Circulating Endothelial Markers
The weight of SHR rats was significantly lower compared with the age-matched Wistar rats (94±5 versus 141±2 g at 5 weeks of age and 335±5 versus 441±9 g at 12 weeks of age). We found that arterial blood pressure was already increased in SHR compared with Wistar at 5 weeks of age (156±9 versus 131±2 mm Hg, P=0.08). This difference was more pronounced at 12 weeks of age (174±1 versus 135±2 mm Hg, P<0.001). Perindopril treatment reduced arterial blood pressure and weight (Table I in  the online-only Data Supplement) . Although SHR exhibited a smaller systolic absolute diameter of the carotid artery, the ratio of systolic diameter to weight was increased in SHR compared with Wistar rats (Table I in the online-only Data Supplement) .
To assess the degree of activation of the endothelium, we have measured plasma levels of von Willebrand factor (vWF) and TFPI in both Wistar and SHR rats. We found an increase in vWF (50±1% versus 34±2%, P=0.002) in 12-week-old SHR compared with age-matched Wistar. This difference was not observed in 5-week-old rats (45±3% versus 43±3%). TFPI was increased both in 5-week-old SHR (9.5±0.8 versus 6.4±0.5 U/mL, P=0.018) and 12-week-old SHR (6.9±0.2 versus 4.5±0.4 U/mL, P=0.005).
Aortic Rings From 12-Week-Old SHR Display Higher Thrombin-Generating Capacity Than Age-Matched Wistar Rings
When compared with 50 pmol/L TF alone (a concentration chosen to be close to levels of TF expressed by rings), addition of aortic rings from Wistar rats or SHR to a 12-week-old Wistar rat or SHR plasma pool significantly increased endogenous thrombin potential (ETP) values at 12 weeks ( Figure 1B ) but not at 5 weeks of age ( Figure 1A) . Analysis of the kinetics of thrombin formation and inactivation revealed a marked difference in peak height ( Figure 1B ). This procoagulant activity was significantly greater for SHR than for Wistar rings ( Figure 1C ). We also tested the effect of aortic rings of each animal in its own plasma and found the same increase in SHR.
To explore the contribution of SMCs, thrombin production was measured at the surface of either de-endothelialized or deadventitiated rings, as well as at the surface of rings after removal of both adventitia and endothelium. Thrombin generation was significantly increased in all rings from SHR compared with Wistar rings, and this procoagulant phenotype was reversed by perindopril treatment ( Figure 1D be unrelated to the expression of TF or TFPI activity because SHR rings expressed similar TF and TFPI activity as Wistar rings (Table) . Comparison of TF activity associated with de-endothelialized or deadventitiated rings, as well as rings constituted of media alone, revealed that this activity originated mainly from the adventitia and the media (Table II in the online-only Data Supplement). However, the exposure of negatively charged phospholipids was ≈2-fold higher on SHR than on Wistar rings, and this increase was abrogated by perindopril treatment. As expected, such differences were not observed at 5 weeks of age.
SMCs Are Responsible for the Procoagulant Phenotype of Aortic Rings
When compared with endothelial cells (ECs) (CD31-and vWF-positive cells), SMCs (α-smooth muscle actin-positive cells), whatever their origin (12-week-old SHR or Wistar), displayed a greater ability to support thrombin generation. Figure 2A shows typical thrombin generation curves obtained with adherent SMCs and ECs in the presence of a Wistar platelet-free plasma pool. The times to thrombin burst and peak were significantly shortened and the peak, velocity index, and ETP values ( Figure 2B ) were higher for SMCs compared with ECs. Whereas no differences were observed in the thrombin generation patterns and parameters between SHR and Wistar ECs, a higher thrombin peak and ETP were obtained with SHR SMCs compared with Wistar SMCs. Thrombin generation at the surface of SMCs from 5-week-old SHR and Wistar rats was similar (ETP values were 525±18 and 559±20 nmol/ L×min, respectively). For both 12-week-old SHR and Wistar rats, TF activity was ≈20-fold higher in SMCs compared with ECs (data not shown). SMC expression of TF and of TFPI was higher in SHR than in Wistar (Table) . On the contrary, there was only a slight decrease in SMC expression of TF in 5-week-old SHR.
Measurement of phospholipid procoagulant activity revealed higher phosphatidylserine exposure on SHR than on Wistar SMCs at 12 weeks of age. We also examined the externalization of phosphatidylserine as a marker of apoptosis in SMCs using flow cytometry. Cells in early stages of apoptosis (annexin V-positive, propidium iodide-negative SMCs) were also increased in 12-week-old SHR compared with agematched Wistar rats. These changes were not observed at 5 weeks of age. To test whether thrombin generated at the surface of SMCs was dependent on exposure of phospholipids and endogenous TF, either a polyclonal antibody or annexin V were added to the platelet-free plasma pool. The anti-TF antibody (10 μg/mL) inhibited ≈10% of thrombin generation at the surface of all SMCs tested ( Figure I in the online-only Data Supplement). Annexin V, at a nonsaturating concentration (5 μmol/L), markedly reduced the ETP. Although similar levels of inhibition were observed with SMCs from 5-week-old rats (80%), annexin V was significantly less effective in inhibiting thrombin generation at the surface of SMCs of 12-weekold SHR compared with control Wistar SMCs ( Figure I in the online-only Data Supplement).
Protease-Activated Receptor 1-Dependent Thrombin-Induced SMC Proliferation Is Enhanced in SHR
Protease-activated receptor 1 (PAR-1) expression ( Figure 3A ) and Akt phosphorylation ( Figure 3B ) were significantly higher in SMCs from SHR than in those from Wistar rats at 5 and 12 weeks of age. To illustrate the cellular effects of thrombin, we investigated the proliferation of SMCs in response to thrombin (0.5 U/mL) in the presence or not of the PAR-1 antagonist SCH-79797 (100 nmol/L). Thrombin-induced proliferation was higher in SHR SMCs than in those from Wistar rats, and this difference was amplified at 12 weeks compared with 5 weeks of age ( Figure 3C ). Enhancement of SMC proliferation by thrombin was fully suppressed by the PAR-1 antagonist SCH-79797.
Hypertension-Mediated Vascular Changes Accelerate Thrombus Formation After Arterial Injury via Glycoprotein Ibα-vWF Interactions
In the absence of vascular injury, 12-week-old SHR did not have higher circulating thrombin-antithrombin complex levels than Wistar rats (49±10 versus 55±13 ng/mL) but exhibited a higher platelet count (527±14 versus 429±21×10 -9 /L, P=0.012) and mean platelet volume (7.9±0.2 versus 6.6±0.1 fL, P=0.005) without changes in platelet function ( Figure  II in the online-only Data Supplement). To characterize the effect of hypertension on arterial thrombosis in vivo, we triggered thrombosis by the application of ferric chloride to the carotid artery. The mean baseline blood flow was 520±48 mL/ min (range, 279-857 mL/min) for Wistar rats and 436±37 mL/min (range, 190-645 mL/min) for SHR. SHR developed stable, occlusive thrombi, whereas embolization, indicated by successive decreases and increases in blood flow, was frequently observed in Wistar rats ( Figure 4A ). Occlusion was reached during the 30-minute observation period for 4 of the 11 Wistar rats and in 6 of 8 SHR (Figure 4B ; P<0.05), and the time to vessel occlusion was shorter in SHR than in Wistar rats ( Figure 4C ). No correlation was found between the carotid artery systolic diameter and the occlusion time. The hazard ratio for occurrence of occlusive thrombi in SHR was significantly higher: hazard ratio=4.418 (confidence interval 95%, 1.318-14.807), P=0.0161.
To test the involvement of glycoprotein Ibα (GPIbα)-vWF interactions in occlusive thrombosis and the thrombolytic efficiency of GPIbα-vWF inhibitors, aurintricarboxylic acid, which blocks the GPIbα binding domain of vWF, was injected 15 minutes after formation of a FeCl 3 -induced thrombus. Doppler flowmetry showed that aurintricarboxylic acid was effective in restoring vessel patency after occlusive thrombosis in SHR ( Figure 4D ). Conversely, aurintricarboxylic acid did not rescue blood flow in Wistar carotid arteries.
Discussion
This study demonstrates higher thrombin generation on the aortic wall because of increased procoagulant activities of SMCs from 12-week-old SHR. Our data show that established hypertension is required to induce increased thrombin generation within the vessel wall and subsequent SMC phenotypic changes. The main finding is that 12-week-old SHR exhibited accelerated FeCl 3 -induced thrombus formation in carotid arteries, and the resulting occlusive thrombi could be disaggregated by blockade of GPIbα-vWF interactions. Our study also highlights that hypertension-mediated SMC phenotypic modulation enhances PAR-1-dependent thrombin-induced SMC proliferation. Overall, our study extends the multifaceted pathophysiological actions of thrombin by demonstrating that enhanced thrombin formed on the surface of SMCs in hypertension increased arterial thrombosis after vascular injury and contributed to vascular remodeling. Although thrombogenesis in hypertension has been shown to be mediated by endothelial dysfunction and platelet activation, increased thrombin generation has also been reported as a potential mechanism. 16, 17 From the hemodynamic point of view, the radial hydraulic conductance that occurs across the wall conveys soluble substances from the blood outwards. 18 Because most clotting factors are of low molecular weight, it is likely that they will be easily conveyed from the lumen to the medial SMCs. Endothelial activation/dysfunction also plays a major role in exposing SMCs to clotting factors. Thrombin generation can be investigated either by measuring plasma markers of in vivo activation of coagulation or by assessing the reactivity of the clotting system, taking into account the role of vascular cells. Thrombin-antithrombin complexes levels were found previously to be elevated in SHR plasma. 10 In the present study, thrombin-antithrombin complexes levels and thrombin generation in plasma were no higher in SHR than in Wistar, suggesting a vascular bed-specific effect in the hypertension-associated prothrombotic state. Our observation of an endothelial alteration indicated by elevated circulating levels of vWF in adult SHR compared with Wistar rats leads us to consider that vascular cells could enhance thrombin generation in SHR. To evaluate this specific contribution of the vessel wall to thrombin generation, aortic rings from SHR or Wistar were added to the same pool of plasma. We found that addition of 12-week-old SHR aortic rings to a Wistar or SHR plasma pool conferred a hypercoagulable state compared with Wistar rings. Although adding an aortic ring to plasma cannot fully mimic the physiological interactions between plasma and the vascular wall, this result can nevertheless be attributed to the vascular cells. Such a phenotype seems to be related to established hypertension because it was not observed at 5 weeks of age and was totally prevented by antihypertensive therapy. However, we cannot exclude a predominant role of angiotensin II because it has been shown that angiotensin IIinduced hypertension is associated with accelerated thrombus development in SHR and not in deoxycorticosterone acetatesalt hypertension with low renin. 19 Our data demonstrated that ETP values in plasma were higher when adherent SHR rather than Wistar SMCs were used as cell surfaces, whereas no difference existed for ECs, suggesting a major contribution of SMCs in the coagulation phenotype of the arterial tissue. Our findings that thrombin generation was higher in the presence of de-endothelialized or deadventitiated rings or rings constituted of media alone from SHR support the conclusion that SMCs and not ECs account for the difference in thrombus development. Although it has been previously shown that SMCs have the capacity to secrete TF-enriched microparticles, 20 under our experimental conditions thrombin generation at the surface of SMCs was unlikely to be influenced by such microparticles, because we used washed adherent cells. In addition, we found that SMCs support higher thrombin generation than ECs as reported previously. The role of cells in coagulation is primarily to provide a negatively charged phospholipid surface for assembly of all of the actors of the coagulation cascade. Exposure of phosphatidylserine on the outer leaflet of platelets 21 and vascular cells 2, 3 regulated by a flip-flop mechanism is thought to account for the procoagulant nature of cells. Our findings showing increased amounts of phospholipid procoagulant activity in aortic rings and SMCs from SHR provide a rationale to explain increased thrombin generation in SHR related to higher SMC negatively charged phospholipids. The reduced inhibiting effect of annexin V on thrombin generation at the surface of SMCs from 12-week-old SHR supports this hypothesis. The mechanisms for the increased levels of phospholipid procoagulant activity in SMCs from adult SHR may be related to the hypertension-induced elevation of intracellular calcium 22 promoting the flip-flop process 23 and the structural reorganization of cell membranes in SHR. The preventive effect of perindopril on SMC-supported thrombin generation is thus likely to be explained by a reduction of phospholipid procoagulant activity.
Thrombin generation is initiated by TF, and the aortic layer represents a source of increased TF in hypertension. 9 Compared with Wistar rats, we observed in SHR higher levels of TF associated with SMCs. The high level of TF activity on adherent cultured SMCs contrasts with the low level of TFPI activity. It is unlikely that TFPI plays a major downregulating role in thrombin generation on SMCs in either strain because TFPI is known to dampen the burst of thrombin in response to a small procoagulant stimulus. 24 The similar low inhibition of thrombin generation in presence of anti-TF antibodies does not argue for a major contribution of TF in the differences between SHR and Wistar rats. Because monocytes are inflammatory TF-bearing cells, macrophage infiltration in the subendothelium may contribute to the increased thrombin-generating capacity in SHR. However, such infiltration has been reported only in older SHR. 25 Therefore, the involvement of macrophages in the subendothelium is unlikely at 12 weeks of age.
There is increasing evidence that specific binding proteins on membranes regulate the formation of coagulation complexes by localizing coagulation factors to cell surfaces. 21 Increased integrin α v β 3 expression in the vessel wall of SHR has been reported previously. 26 We can anticipate a synergistic effect between anionic phospholipid membranes, TF, and integrin α v β 3 on increased thrombin generation in the SHR vascular wall because this integrin is the receptor for prothrombin in SMCs 27 and is involved in SMC-supported thrombin generation. 28 In this context, we would expect a difference in the incidence of thrombosis in Wistar and SHR and an exacerbation of the cellular effects of thrombin. The increase in thrombin generation within the vessel wall may modulate several wellknown vascular processes involved in hypertension, such as the regulation of vascular tone and the proliferation of SMCs, leading to increased pulse pressure and arterial stiffening. 18, 29 The greater effect of thrombin on SMC proliferation in 5-week-old and 12-week-old SHR and its inhibition by SCH-79797 argue for enhanced cellular effects of thrombin contributing to vascular remodeling in hypertension. Our data indicate that the mechanism involves increased PAR-1 expression and Akt signaling pathway activation as previously reported. 30 Thrombus formation in large arteries starts by plateletplatelet cross-linking involving GPIIbIIIa receptors and GPIbα-vWF interactions, followed by formation of a fibrin network to anchor the platelet-rich thrombus to the vessel wall. 31 Fibrin formation is dependent on the exposure of procoagulant material on the SMC surface at the site of vascular injury. Most relevant to our study was the observation that hypertension-associated changes in procoagulant phospholipids at the outer surface of SMCs contributed to increased thrombin generation. The formation of occlusive thrombi and the marked shortening of the time to occlusion in SHR compared with Wistar rats suggest a critical role of increased SMC-supported thrombin generation in PAR-1-induced platelet activation and fibrin formation, both required for thrombus growth and stability. Although platelet count and PAR-1 expression were increased in SMCs from SHR, the absence of potentiated platelet function in SHR did not argue for a major contribution of PAR-1-mediated platelet activation to the differences in thrombus development between SHR and Wistar rats. Recent data have highlighted the role of GPIbα-vWF interactions during vessel lumen closure and revealed that disruption of these interactions restores vessel patency after occlusive thrombosis but with a limited therapeutic window. 32 Whereas fully occlusive thrombi in SHR were efficiently disaggregated by GPIbα-vWF inhibitors, nonocclusive thrombi in Wistar rats were resistant. This absence of restoration of Wistar rat vessel patency is consistent with a hierarchical process of occlusive thrombosis in which platelet-platelet cross-linking in the inner core mainly involves GPIIb/IIIa, whereas once the thrombus has occluded 50% of the artery, platelet cross-linking in the external layer occurs in a GPIbα-vWF-dependent manner. 32, 33 Although it is now increasingly recognized that multiple concomitant mechanisms regulate the formation and stability of arterial thrombi, our study further points to the attractiveness of this GPIbα-vWF axis as a potential therapeutic target for occlusive thrombosis in the context of hypertension. Whether coadministration of an inhibitor of GPIbα-vWF interactions and a specific inhibitor of integrin α v β 3 to target thrombin generation on the surface of SMCs may lead to the development of more efficient therapeutic strategies remains to be investigated.
